We present the study of the metallicity dependence of the Fourier amplitude ratios R 21 and R 31 for the light curves of short-period Galactic classical Cepheids in B, V, R C and I C bands. Based on the available photometric and spectroscopic data we determined the relations between the atmospheric iron abundance, [Fe/H], and the Fourier parameters. Using these relations we calculated the photometric [Fe/H] values of all program Cepheids with an average accuracy of ±0.15 dex. No spectroscopic iron abundance was known before for 14 of these stars. These empirical results provide an alternate method to determine the iron abundance of classical Cepheids too faint for spectroscopic observations. We also checked whether the metal-poor Cepheids of both Magellanic Clouds follow the same relationships, and a good agreement was found.
INTRODUCTION
The period-luminosity (P-L) relation of classical Cepheids is one of the most important tools in the extragalactic distance determination. Even though it is a well studied relationship its precision needs improvement. There are many effects that cause a dispersion around the ridge-line relationship. A summary of these effects is given in Szabados & Klagyivik (2012b) . One of these 'widening' effects is the spread in the chemical composition of the Cepheids.
There are many observational and theoretical studies that deal with the influence of the chemical composition on the P-L relationship. Theoretical computations based on linear pulsation models (Sandage, Bell & Tripicco 1999; Baraffe & Alibert 2001) show only a moderate influence, while more realistic, non-linear pulsation models (Bono et al. 1999; Caputo et al. 2000) result in a significant dependence on the chemical composition in the sense that metal-rich Cepheids are less luminous than metal-poor ones of the same pulsation period.
From the observational point of view the effect is not so obvious. Whilst Romaniello et al. (2008) found that metal-rich stars are fainter, some studies found evidence of an opposite relation (Kennicutt et al. 1998; Udalski et al. 2001; Ciardullo et al. 2002) .
To solve this problem it is crucial to determine the metal content of individual Cepheids even for those located in external galax-⋆ E-mail: klagyivik.peter@csfk.mta.hu ies. The spectroscopic observational technology has just reached the required level for the Magellanic Clouds. But for Cepheids in more distant galaxies it is still beyond the possibilities. It would be very useful if the chemical composition could be determined -or at least estimated -without the need of spectroscopic observations, e.g., from photometry. The atmospheric iron abundance, [Fe/H] , is a reliable indicator of stellar metallicity. The goal is to find a connection between the shape of the light curve and the metal content of Cepheids.
For RR Lyrae stars, Kovács & Zsoldos (1995) and Jurcsik & Kovács (1996) elaborated a method to determine the value of [Fe/H] from the shape of the light curves. They used the R 21 , R 31 and φ 31 Fourier parameters (see Sect. 2) to calculate the photometric [Fe/H] ratio. Since RR Lyrae type variables involved in the calibration are single mode, radially pulsating stars like Cepheids, existence of such relationship can be expected for Cepheids, as well. Indeed, Zsoldos (1995) found a similar relationship based on a small sample of Cepheids due to the lack of available spectroscopic observations. Moreover the photometric data involved were much less accurate than more recently.
In Klagyivik & Szabados (2009, hereafter Paper I) we compiled a homogeneous data base of Galactic classical Cepheids. It contains the photometric and radial velocity peak-to-peak amplitudes, some amplitude related parameters, as well as information about the pulsation mode, binarity, and the spectroscopic [Fe/H] ratio. In Szabados & Klagyivik (2012a, hereafter Paper II) we in-vestigated the metallicity dependence of the peak-to-peak pulsation amplitudes. The next step is the study of the influence of the [Fe/H] on the shape of the light curve.
In this paper we derive relationships between the R 21 and R 31 Fourier parameters and the spectroscopically determined atmospheric iron abundance, [Fe/H] . The Fourier decomposition of our Cepheid sample is presented in Sect. 2. In Sect. 3 the [Fe/H] dependences of the Fourier parameters are derived. In Sect. 4 we apply these relationships for determining the photometric [Fe/H] ratio of 14 Cepheids that have no spectroscopic iron abundance yet. In Sect. 5 we discuss the generalisation of the relations. Finally, Sect. 6 contains our conclusions.
FOURIER DECOMPOSITION
Since the light curves of the Cepheids are strictly periodic, they can be described with a sum of harmonic terms:
where m(t) is the observed magnitude at time t, A 0 is the mean magnitude, a i and b i are the amplitudes of the sin and cos terms. The pulsation period of the Cepheid is P = 2π/ω. Equation 1 can be written as
where Simon & Lee (1981) introduced the dimensionless relative Fourier parameters that have been widely used ever since:
The Fourier decomposition was made with the light curve characterization pipeline developed within Coordination Unit 7 (Variability Processing) of the Gaia Data Processing and Analysis Consortium, with the procedure described in Dubath et al. (2011) .
In fact, the unprecedented precision of the photometry by Kepler spacecraft has shown that the pulsation of V1154 Cygni, the only Cepheid in the Kepler field is not strictly repetitive (Derekas et al. 2012) . Both the period and the shape of the light curve are subjected to cycle-to-cycle variations but our approximation can be applied to the average light curve.
Classical Cepheids in the period range of 5 < P < 15 days show a bump both in the photometric and radial velocity phase curves. This is the well known Hertzsprung progression (Hertzsprung 1926) . This bump appears on the descending part of the light curve for shorter periods, it is close to the maximum brightness around 10 days and shifts toward even earlier phases for longer periods. Due to this feature the shape of the light curve is complex and an automated fitting method could not retrieve the phase curve properly. To solve this problem the number of fitted harmonics (N) has been a function of the pulsation period (see Table 1). Around 10 days consideration of more harmonics is necessary to fit the double peaked shape of the light curve than at much shorter or longer pulsation periods. We did not use any period search algorithm, the pulsation periods were fixed during the Fourier decomposition and have been taken from Paper I. In almost every light curves there were some outlying observational data points. Since these outliers can significantly modify the fit, we removed these points using a simple sigma clipping at 3σ in the residual light curve after the first fit. In the cleaned light curve -due to the decreased scatter -some other points can deviate by more than the new value of 3σ from the new fit. Therefore an iterating process was applied until there were no more observed point beyond 3σ from the fit. Two or three steps were usually sufficient. To have a satisfactorily large number of 'useful' observational data, we set the limit of the fraction of points to ignore to 20%. To keep only the reliable fits, light curves covered with less than 20 observed points have been omitted.
A portion of the final Fourier parameters are presented here in Table 2 for guidance regarding its form and content. Table 2 is published in its entirety in the electronic edition of this journal.
METALLICITY DEPENDENCE OF THE FOURIER PARAMETERS
Owing to the increased interest in the metallicity dependence of the P-L relation, a number of recent papers deal with spectroscopic observations of Galactic -and even extragalactic -Cepheids (see the bibliographic list in Paper II). In our sample (taken from Paper II), 329 out of 369 Cepheids have spectroscopic [Fe/H] values which means an impressive 90% coverage. There are various factors that have an influence on the observable shape of the photometric light curve involved in determining the metallicity dependence. These factors include the pulsation period (short or long period, see Paper I), the pulsation mode (fundamental or first overtone mode) and the binarity status. To have a reliable picture on the [Fe/H] dependence it is straightforward to sort the Cepheids according to their actual behaviour.
In Paper I, we demonstrated that the short-and long-period Cepheids behave in a different manner (Fig. 2 . in Paper I). Therefore, it is worthwhile to separate the two groups. The division between these two groups is at log P = 1.02 instead of the period of 10 days adopted in most studies dealing with a break in the P-L relationship (e.g., Sandage, Tammann & Reindl 2009 and Ngeow et al. 2009 ). It should be noted that current theoretical and empirical evidences indicate that the centre of the Hertzsprung progression is metallicity dependent (Bono et al. 2000b and references therein) . In this paper we only deal with the short-period Cepheids. The number of long period Cepheids in our sample is not large enough to deduce reliable relationships. Moreover the period dependence of the Fourier parameters is much stronger than in the case of short periods.
The pattern of the period dependence of the Fourier parameters of first overtone Cepheids is quite different from that of their fundamental mode counterparts, therefore overtone Cepheids cannot be treated together with the fundamental mode ones. But their Galactic sample is not sufficiently large, either. Therefore in this pa- per we only deal with short period (log P < 1.02) and fundamental mode Cepheids.
As to the binarity, a companion modifies the apparent brightness, the peak-to-peak and Fourier amplitudes on magnitude scale and usually the observed colors, too. But this is not the case in terms of Fourier amplitude ratios. Using intensities instead of magnitudes, it is easy to prove that companions only contribute to the mean brightness but the amplitude ratios and phases remain unaffected. Therefore binaries can also be included in our investigation. This is very useful for extragalactic Cepheids where photometric contamination due to blending is unavoidable. The importance of binary Cepheids is summarized by Szabados & Klagyivik (2012b) .
Period dependences
To determine the metallicity dependence of the Fourier parameters first we have to get rid of the effects influencing the relationship to be determined. In the case of R 21 the most important is the pulsation period (see the upper panel of Fig. 1 ). The fall of R 21 at log P > 0.8 in the upper panel of Fig. 1 is a consequence of the 2:1 resonance between the fundamental and the second overtone modes of the radial pulsation (Andreasen & Petersen 1987) .
In the case of R 31 the period dependence is smooth in the period interval 0.4 < log P < 1.02 (see the lower panel of Fig. 1 ).
The pattern of the period dependence of R 21 for short pulsation periods differs from the picture seen for the Cepheids both in the Large and Small Magellanic Clouds (top left panel of Fig. 5 in Soszyński et al. 2008 and the upper panel of Fig. 2 in Soszyński et al. 2010, respectively) . In both Magellanic Clouds this period domain of the figure can be described with an increasing and a decreasing part and with a local maximum at log P = 0.4. It should be noted that our sample is much smaller than the Large and Small Magellanic Clouds (hereinafter LMC and SMC, respectively) samples, both containing thousands of Cepheids and we lack Cepheids with log P < 0.4 to reach a conclusion on the local maximum in our database, but Galactic Cepheids do not show the decrease in R 21 for log P > 0.4 (Fig. 1) .
Because our sample is not large enough to fit an accurate curve to the points in the top panel of Fig. 1 , we grouped the Cepheids into several period intervals. Each of these intervals ranges 0.1 in log P between 0.4 and 0.9, while for the longest periods the interval ranges [0.9,1.02]. 
Fourier amplitude ratios vs. [Fe/H]
In contrast to the RR Lyrae stars having a metallicity in the interval −2.0 < [Fe/H] < 0.0, Galactic Cepheids are characterised with a much narrower interval of iron abundance. The metallicity range is −0.5 < [Fe/H] < 0.5 (Pedicelli et al. 2010 and Luck & Lambert 2011) . Our sample represents the same range. Moreover the most metal poor values belong to the faintest (i.e., most distant) stars, therefore the uncertainties are the largest. The average uncertainty of the [Fe/H] value for a Cepheid is ∼ 0.1 dex. Therefore, it is more difficult to detect any relationship between the [Fe/H] value and other properties of Cepheid variables.
To keep the data as homogeneous as possible we only used the multicolour photometric observations obtained by Berdnikov (2008) and his co-workers. Unfortunately the precision of these photometric data is not sufficiently good or in some cases the coverage of the phase curve is not satisfactory for obtaining reliable Fourier phases and then reveal any significant [Fe/H] dependence of these Fourier parameters. The Fourier amplitudes, however, are much less sensitive to the quality of the photometric observations and the phase coverage of the light curve. Figure 2 shows the metallicity dependence of the R 21 and R 31 amplitude ratios in V band. For the shortest period Cepheids (log P < 0.6) the tendency is clearly seen: the larger the metallicity, the smaller the R 21 and R 31 amplitude ratios. Involving stars with longer pulsation periods (up to log P = 0.8) only the scatter around the ridge line fit increases, the steepness does not change significantly. The metallicity dependence of R 21 for log P > 0.8 stars cannot be determined. In this period region the Hertzsprung progression dominates. This dominance does not affect the R 31 parameter in our Galactic sample, however, a reliable fit can be achieved up to log P = 0.8, too. For longer period Cepheids (log P > 0.8) there is no correlation between the spectroscopic iron content and the R 31 parameter. Figure 2 shows the results only in V band, but the relationship seems to be independent of the wavelength: the coefficients of the fits are the same within 1σ in B, V and R C photometric bands. The values of the coefficients are listed in Table 3 . The linear fit corresponds to the formula:
where i = 2 or 3. In Fig. 2 the fit represents the log P < 0.6 period range.
In the I C band the steepness of the fitted line is significantly smaller than for the other bands. The differences do not exceed 2σ for the whole period domain investigated and for both the R 21 and R 31 amplitude ratios. In order to compare the parameters in different bands correctly we fitted the same function using only the stars that have I band data. The steepness of the slopes is closer to the I band values for each band but is still significantly lower. This means that the brightness variation in the near infrared is less sensitive to the atmospheric metallicity. It would be useful to investigate this effect in the J, H and K infrared bands but the amount of available observational data are not sufficient yet.
The absolute errors (σ a , σ b ) of the fits for R 21 are systematically smaller in the I C band than using other filters. For R 31 the errors in V band are comparable to the I C band values and relative errors of the slope (σ b /b) are smaller in the V band for every period range.
There are some more methods that can be used to guess the photometric [Fe/H] of Cepheids. Caputo et al. (2001) adopted nonlinear convective pulsational models to calculate the boundaries of the P-L relation for different chemical compositions. For observed Cepheids the chemical composition can be guessed based on the position of the stars within these boundaries. Unlike our one, this method can be used for all period ranges and needs only the mean magnitude of the stars. But the mean magnitude is affected by interstellar absorption and binarity. The latter is less important for long period (i.e. bright) Cepheids, but for short period stars, where our method is valid, it becomes significant. Our method is not affected by binarity.
Another method was published by Pedicelli et al. (2009) . They calculated the photometric [Fe/H] ratio using multiband near infrared (J, H and K) Walraven (V, B, L, U, W) photometry complemented with evolutionary models. Since this method needs mean magnitudes, too, it is also affected by the same effects. The accuracy of this method is similar to that of our relations, σ ∼ 0.15 dex.
The advantage of our method is its insensivity to many effects that can systematically modify the calculated [Fe/H] ratios. But we are limited to a short range of the pulsation periods.
An outlook for extragalactic Cepheids
To check whether the relations in Sect. 3.2 are valid for extragalactic Cepheids, too, we compared the range of [Fe/H] and the Fourier amplitude ratios of Cepheids in both the LMC and SMC. However, we do not intend to validate our relations with the Magellanic Cloud Cepheids.
The pattern of the period dependence of the R 21 and R 31 Fourier parameters is slightly different for the Magellanic Clouds and our Galaxy. For the LMC and SMC there is a peak at log P ∼ 0.4. The corresponding R 21 values for the SMC are larger than for our Galactic sample, while for the LMC they are overlapping with the most metal-poor Galactic Cepheids. For the LMC 0.36 < R 21 < 0.50 and 0.16 < R 31 < 0.28 (Soszyński et al. 2008) , while for the SMC 0.48 < R 21 < 0.56 and 0.32 < R 31 < 0.37 (Soszyński et al. 2010 ) for most of the Cepheids.
In order to avoid any difficulty caused by the period dependence of the Fourier amplitude ratios we used only the Cepheids with 0.4 < log P < 0.6. In this range the amplitude ratios are roughly independent of the period.
Since there are no spectroscopic [Fe/H] values for Cepheids with log P < 0.6 in the Magellanic Clouds we cannot check our relations on individual stars. Instead, we use the full ranges of the iron content of the LMC and SMC (Romaniello et al. 2008 ) and the ranges of the R 21 and R 31 parameters for the period domain log P < 0. In a recent study Majaess et al. (2013) found that the peakto-peak amplitudes of long period extragalactic Cepheids are significantly smaller at lower [Fe/H] ratio. This is just the opposite of the behaviour of the peak-to-peak amplitudes of short period Galactic Cepheids (Szabados & Klagyivik 2012a ) and the R 21 and R 31 Fourier parameters in this paper, also deduced for short period Cepheids. These results are however not in conflict with the theoretical calculations. The model computed by Bono et al. (2000a) indicates that metal-rich Cepheids with a pulsation period of 10-30 days pulsate with larger peak-to-peak amplitudes than metal-poor ones. A similar study would be needed for short period extragalactic Cepheids to be sure that their observed behaviour conforms to the theoretical calculations.
The short and long period Cepheids can have different iron content. In our Galactic sample there is only a slight difference in the [Fe/H] ratio of the short and long period Cepheids. Their average values are 0.096 (σ = 0.137) and 0.174 (σ = 0.160), respectively. Since the age difference of short and long period Cepheids is small, this difference might be a selection effect. Long period Cepheids are brighter and therefore they can be detected at larger distances. Due to the metallicity gradient of the Galaxy (Pedicelli et al. 2009 ) they are more metal-rich on average if they are located toward the Galactic center and they are more metalpoor if they are located outwards. In our database we have more long period Cepheids toward the Galactic center.
Another difference is that the distribution of the pulsation periods is metallicity dependent (Bono et al. 2000a ). The minimum mass evolutionary tracks crossing the instability strip is decreasing with lower metallicity. Moreover, the lifetime spent inside the instability strip is longer for lower mass Cepheids. These result in a higher relative number of shorter period Cepheids in the Magellanic Clouds.
Observing individual extragalactic Cepheids is hindered by the fact that these stars are located in a crowded field of view and the spatial resolution of the telescopes is limited. Therefore the determination of accurate peak-to-peak amplitudes is hardly possible.
PHOTOMETRIC IRON CONTENT
Our main goal was to elaborate a method that needs no spectroscopic observations to determine the metallicity of individual Cepheids. The relationships deduced above between the photomet- ric Fourier amplitude ratios and the spectroscopic iron content offer a viable solution.
Based on the relations in Table 3 we calculated the photometric [Fe/H] ratios for the suitable Cepheids. The scatter of the difference between the observed and calculated [Fe/H] values were determined in order to guess the accuracy of the photometric metallicities -see the last columns of the R 21 and R 31 part of Table 3 and Fig. 4) . We only used the fundamental mode Cepheids both with and without known companion(s), but in the figures we plotted them with different symbols. The precision of the photometric [Fe/H] values are significantly higher in the I C band than in the others. In the B, V and R C bands the scatter is nearly identical with a slight decrease for the V band. The accuracy of the photometric [Fe/H] is ∼ 0.1 dex when determined from R 21 for Cepheids with log P < 0.7 or based on R 31 for Cepheids with log P < 0.6. In the case of longer period Cepheids, the accuracy is ∼ 0.15 dex.
The higher accuracy of the I band fits was investigated. Such an effect can be caused for example by significantly more precise photometric observations or more precise Fourier amplitude determination of large amplitude Cepheids. But the quality of the photometry does not differ too much in different bands and we found that our sample represents the entire amplitude range. These effects cannot play a role in the mystery of the accuracy. However, if we calculate the scatter of the difference between the observed and calculated [Fe/H] values using only the stars with I band data, the V band standard deviation decreases from 0.091 to 0.072 for R 21 and log P < 0.6. This is still higher than 0.055 for the I band. So a part of the difference can be explained with the small number of datapoints but the higher accuracy values for the I band could be realistic.
There are 14 Cepheids in our sample that have no spectroscopic [Fe/H] value yet, nevertheless we are able to calculate the photometric ones. For stars with the shortest periods the equations in Table 3 result 24 different individual [Fe/H] values. Since the accuracy of the photometric iron content in V band is similar to that in the I C band and all of the stars were observed in the V, in Table 4 we present the calculated values for the V band. Based on Tables 2 and  3 one can easily calculate all other [Fe/H] ratios. In Table 4 
DISCUSSION
In Sect. 3.2 we showed that practically identical relations are valid for the B, V and R C photometric bands and a similar relation was determined for the I C band. Since the Gaia space probe will also observe in the optical range, a careful calibration will facilitate using Gaia photometry for determining the iron content of thousands of target Cepheids independently of the spectroscopically derived [Fe/H] value obtained from the measurements during this astrometric space project. Since the companions in binary or multiple systems have no effect for our study, the photometric [Fe/H] ratio can be calculated for such Cepheids, too.
The Gaia astrometric space probe will scan the whole sky down to 20th magnitude and will provide a complete and unbiased data base involving an average of 80 photometric points on each target during its 5 year active lifetime. For Cepheids pulsating with a single period and stable light curve these ∼80 photometric data points seem to be sufficient to obtain a well covered phase curve over the complete pulsation cycle. To calculate precise Fourier amplitude ratios, a photometric accuracy of ∼ 0.02 magnitude is sufficient. In this case, the photometric metallicity of Cepheids can be derived down to the brightness range of 16-18th magnitudes (Jordi et al. 2010 ) depending on the photometric band and the colour of the target star, which is much beyond the limit of ground based spectroscopic observations yet.
Our method can be applied for extragalactic Cepheids, too. The applicability of our formulae was shown for Cepheids in the Magellanic Clouds (see Sect. 3.3) . Since Cepheids are brighter in the near infrared region than at optical wavelengths, photometric observations of extragalactic Cepheids overwhelm in the near infrared, especially in the I C band. Since the relationship between the atmospheric iron content and the light curve shape derived by us (see Table 3 ) is also reliable for the photometric I C band, our formula offers a promising method for determination of metallicity of faint extragalactic Cepheids from purely photometric data.
The most accurate determination of the photometric [Fe/H] value can be performed for Cepheids with a pulsation period shorter than 4 days. Since the absolute visual magnitude of these Cepheids is around M V = −2 and the distance modulus of the LMC and SMC are 18.45 mag and 18.92 mag, respectively (Storm et al. 2011 ), these stars have an apparent magnitude m V ∼ 16 − 17, which is within the capability of the Gaia photometry. The photometric [Fe/H] value for a huge number of Galactic and extragalactic Cepheids together with the extremely accurate trigonometric parallaxes of these stars to be provided by Gaia can help to recalibrate the metallicity dependence of the P-L relationship and to refine the cosmic distance scale.
CONCLUSIONS
We have presented a method to estimate the atmospheric iron content of classical Cepheids using only photometric observations. Based on a homogeneous data set of 369 Galactic Cepheids we determined the relationships between the R 21 and R 31 Fourier amplitude ratios and the spectroscopic [Fe/H] ratio.
We found that for both R 21 and R 31 parameters the higher the metal content, the smaller the amplitude ratio. These relationships are valid and are the same for the Johnson B and V and the KronCousins R C photometric bands. For the I C band a similar but shallower relationship is valid with an even better accuracy as for V band.
The average [Fe/H] ratios and the range of the R 21 and R 31 amplitude ratios for the Magellanic Clouds are in good agreement with our relations, especially for R 31 . So the equations may be used also for at least the LMC and SMC.
We calculated the photometric [Fe/H] ratio for the suitable Cepheids. 14 of them have no spectroscopic iron content yet. The accuracy of these values is ∼ 0.1 dex for Cepheids pulsating with the shortest period which is similar to the error of the spectroscopic [Fe/H] value. For longer periods the accuracy is ∼ 0.15 dex. The relations are valid for the pulsation periods up to log P = 0.8.
Since binarity does not modify the Fourier amplitude ratios, therefore these relationships can be used to estimate the atmospheric iron content for binary Cepheids or for Cepheids in crowded fields (e.g. for extragalactic Cepheids), too.
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